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abstract -- Spatially resolved electron temperatures, clectron number

densities and gas-kinetic temperatures have been determined at f{ive
observation heights, nine radial positions, and two settings of RF input
power in an aerosol-free argon ICP sustained with a commercial MAK torch. The
measurements were obtained by means of simultaneous ruby-laser Thomson
scattering aud Rayleigh scattering. In the central channel of the ICP the
electron temperature ranges from 7000 K to 8500 K, the gas kinetic

temperature is about 1000 K to 2000 K lower than the electron temperature,

and the electron number density varies from 1.9 to 7.0 x 1012 em3. Among
the measured parameters, the electron number density is most sensitive to
the input RF power and is noticeably higher than the LTE value determined
from the measured electron temperature and the Saha equation. The
overpopulation of electrons can probably be attributed to fast ambipolar
diffusion and slow ion-electron recombination processes, resulting in a

recombining plasma in the analytical zone. This non-LTE feature might be

significant for excitation and ionization mechanisms in the ICP.
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1. INTRODUCTIOXN

If the inductively coupled argon plasma (ICAP) sustained at atmospheric
pressure were in thermodynamic equilibrium (TE), a single physical parameter
(e.g. temperature T or electron number density n,) would be sufficient to
completely describe its behavior. That is, under TE conditions, electron
number density, the number density of ions at different ionization stages,
energy-level populations, the frequency distribution of radiation and the
velocity distribution of all species could be all exactly determined from
the ideal gas law, the Boltzmann distribution, the Saha equation, Planck's
radiation law and the Maxwell distribution.

If the ICAP is not in TE, but were instead in local thermodynamic
equilibrium (LTE), it could again be described by only one physical
parameter. However, the parameter would be a function of spatial position
e.g. T(r,z) or ne(r,z), where r and z are radial position and observation
height, respectively. For a given spatial point (r,z), all the detailed
information mentioned above (except the Planck radiation law) could be
determined by T(r,z) or ne(r,z), using the same equations or laws as for the
case of TE. Unfortunately, as pointed out quite early by many investigators
[1-5], the ICAP is not in LTE either. Thus, even at a given spatial point,
a single physical parameter is not sufficient to describe the plasma
belhiavior. Of course, analyte excitation might be attributable to the
presence or concentration of particular species (e.g. Ar or Ar+). However,
measuring the concentrations of such species alone does not characterize the
plasma as a whole and might ot even clucidale cuaelyte-excitation events.

"y

The key question then is, "What are the most useful fundamental parameters
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clectron temperature 'i'(‘(l',:’.), clectron number density n(.(r,:t) vl g
kinetic tcemperature Tg(x',;z).

The reasons for this conclusion are compelling. When the sample
aerosol is introduced into a plasma through the central channel, the first
events involved are desolvation, vaporization and dissociation, which are

greatly affected by the gas temperature T Electron temperature T, and

g
electron number density n,, on the other hand, are the determining

parameters for electrical conductivity and ambipolar diffusion in the

plasma. Two other important transport coefficients - thermal conductivity

and viscosity - are controlled by T,, n_, and Tg [6].

Furthermore, T, and n, are extremely important in evaluating a variety
of plausible analyte excitation and ionization mechanisms in the ICAP.
First, the rate constants for cecllisional excitation, de-excitation,
ionization and three-body recombination are generally sensitive to T, and
are all proportional to ng (except for three-body recombination which is
proportional to the square of n, [7-9]). There is little doubt that when
both T, and n, are high, electron impact will dictate the energy-level
populations of analyte atoms and ions, and should play a vital part in the
excitation and ionization processes. Of course, the Boltzmann distribution

and the Saha equation may not apply to such events, as n_, might not be

e
the LTE value corresponding to T,. Secondly, Penning ionization would
contribute to analyte ionization and excitation only when argon metastable
levels are highly populated [2]; this event would occur only when electrons
are overpopulated with respect to T [10]. Thirdly, charge transfer, which
has recenrlv been suggested to play a significant role in the ICP (11,121,
is indirectly influenced by T and v o 10 T is quite high, manv clemente

wonld he donized most]y b slectrar denact ) and ondy a o snall o sorcion o
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analyte specices would remain as atoms.  Thus, charge trancter would not
contribute appreciably to the degree of ionization. On the other hand, if
clectrons are overpopulated and T, remains relatively low, charge transfer
might be of importance.

From the above discussion, local Te, n, and Tg values are critical in
describing the macroscopic behavior and microscopic processes that occur in
the ICP. It is therefore not surprising that many authors have measured
these parameters using different methods of plasma diagnostics [1,3-5,13-
35]. Among these methods, laser light scattering offers a number of unique
advantages [36-39]. Most importantly, when a focused laser beam is
scattered by the plasma, both Thomson scattering and Rayleigh scattering can
be measured at the same time, making possible the simultaneous measurement
of T,, n, and Tg’ on a spatially and temporally resolved basis. These
procedures greatly reduce the errors generated by the Abel inversion required
by most other methods and avoid the plasma drift (instability) problem, at
least for any chosen spatial point of the measurements.

In the present paper, we report local values of Te: ng and Tg measured
simultaneously by means of Thomson scattering and Rayleigh scattering from
an aerosol-freeICAP sustained with a commercial MAK;t;£ch. The measurements
were performed at five observation heights (5.0, 7.5, 10.0, 12.5, and 15.0
mm above the load coil (ALC)) and at nine radial positions (-6.0, -4.5, -
3.0, -1.5, 0, 1.5, 3.0, 4.5 and 6.0 mm from the plasma axis). Two settings
of RF input power (0.75 and 1.0 kW) were used for comparison. Compared to
the results of a previous study [28], the T, and n, values presented here

should be more reliable, because a new data treatment procedure has been

naed (see next section).  In oaddition, no agerosol nor analyte was present in

ot i e )l eve o thoar s oo e e s dbetere boed e inge 1 he




leal pays law and Ravleigh scattering has becn mininized.  Theoretical

Tolerdd

t

ovmulas employed in the caleulations of T , n, and TF from the scattercd
) >

light signals will be briefly reviewed, and some new calibration and

normalization procedures for the multichannel Thomson scattering system will

be described. Finally, the experimental results will be discussed and

conclusions will be drawn.




2. THEORY

In this section, the theoretical formulas used for calonlating T I,

@

and T, from the measured Thomson-scattering and Rayleigh-scattering signals

<

will be briefly summarized. For a more detailed discussion of the theory
from which the formulas are derived, the reader is referred to earlier
papers [35,39].

A Thomson-scattering signal I()), expressed as a function of wavelength
A is related to the shift AX from the incident laser wavelength A, by the

formula

2
m, ¢

In I(A) = C - - @n? (1)
8kT sin®(6/2) " A2

where C is a constant that depends on the entire scattering system, m, is
the mass of an electron, c the speed of light, k the Boltzmann constant, and
§ the angle between the observation direction and the laser incident beam.
According to Eqn (1), the local electron temperature T, can be determined
from the slope of a plot of 1nI()) vs. (AA)Z. To use Eqn (1), one must be

2

sure that mgC and kTe are in the same units, no matter whether Te is in eV

2

or in K. The same is true of course for (AA)2 and A7 .
Because the amplitude of the entire Thomson-scattering spectrum is
proportional to the electron number density, the sum of the absolutely

calibrated signals from all spectral channels can be used to calculate the

local value of n, as shown in Eqn (2).

J‘ T(A)da TRA

i, . 7y
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where n. is the number density of drpon atoms at the temperature at which

the Ravleigh-scattering measurement 1s performed (usually room temperature
i35,39]), the integration term expresses the sum of Thomson-scattering
signals from all spectral channels, Ip, is the Rayleigh-scattering signal
from the central spectral channel located at the incident laser wavelength,
ogpa is the Rayleigh-scattering cross section of argon gas, and or is the
Thomson-scattering cross section. In Eqn (2), Rayleigh scattering serves to
calibrate on an absolute basis the Thomson scattering signals [35,39].

When the plasma is on, the Rayleigh-scattering signal will be greatly
reduced compared to that when the plasma is off. This is because the
magnitude of the Rayleigh signal is proportional to the argon-atom number
density which, in turn, is inversely proportional to the gas temperature
according to the ideal gas law. Therefore, the ratio of the Rayleigh-
scattering signal when the plasma is off IRa(off) tO that when the plasma is

on IRA(on) can be used to determine the local gas temperature according to

Eqn (3).
IRA(off)
Tg =— . Tioom (3)
IRA(on)
where T - is the room temperature at which IRA(off) is measured. Note

that in Eqn (3), both IRA(off) and IRA(on) should be pure Rayleigh-
scattering signals; in other words, the contribution of stray light to the
central-spectral-chapnel signal must be subtracted. It should be pointed
out also that Eqns. (1) and (2) for the determination of T and n, are valid

Al when the co-eallad ceattorine pavancier o g mach cmaller than




T Otherwise a leook-up table can be used to find the true T oand o from
the values of T, and n, cilculated by nsiag these two equations.  For nmore
detail about this data-treatment procedure, the reader is referred to a

recent paper [40].

3. EXPERIMENTAL

The entire multichannel Thomson-scattering system constructed in our
laboratory has been described previously [41]. In the present study, a
commercial MAK torch with relatively low argon gas flow and RF input power
was used. Two settings of ICP operating conditions used in the measurements
are listed in Table 1. For these conditions, the tip of the "bullet” in the
ICP is located at 2 mm ALC (0.75 kW) and O mm ALC (1.0 kW). In order to
improve accuracy, the multichannel detector system was normalized by using a
calibrated tungsten ribbon lamp, located exactly in place of the plasma. In
earlier work {28,41}, a light-emitting diode (LED) was mountecd on the top of
the focusing concave mirror inside the monochromator. Light emitted by the
LED was used to illuminate directly the whole area of the fiber-optic array
but without passing through any of the optical elements between the ICAP and
the monochromator. 1In contrast, the light emitted by the tungsten ribbon
lamp travels exactly the same path and illuminates the same portion of the
fiber-optic array as does the scattered laser light. 1In addition, the
illumination by the tungsten ribbon lamp also simulates a scattering signal
well because it is pulsed by rotation of a mirror located in the light-
collecting system. Of course the pulse length (about 25 us) is much longer
than that from the earlier LED (400 ns). During the experiment, the LED was
5till used to monitor the stability of each spectral channel. To compare

the two approaches. the norimalicat ion factors for the first nine spectral
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Loonels deterained by the tungsten ribbon Toamp o and the LED D and their
anatined ratios, dare bisted o Uable

Because the width and height of the monochronstor entrance slit were
set oat 0.8 and 1.0 mm, respectively, and the optical collecting system has
an image magnification of 1:1, the spatial resolution in our measurement was
better than 1 mm3. The temporal resolution is limited by the pulse length
of the Q-switched ruby laser (~ 25 ns).

The stray-light contribution to the signal from the central spectral
channel was determined by measuring the Rayleigh-scattering signals from

argon and helium, respectively; both gases were at atmospheric pressure and

at room temperature [35].

4. RESULTS

Radial profiles of T,, ng and Tg at five observation heights (5.0, 7.5,
10.0, 12.5 and 15.0 mm ALC) are shown in Figures 1-3 for 0.75 kW of RF input
power. Similar profiles for 1.0 kW of RF input power are presented in
Figures 4-6. In general, at each observation height, nine radial positions
including the spatial point on the plasma axis were chosen with an increment
between adjacent locations of 1.5 mm. Unfortunately, the electron number
density drops rapidly with increasing observation height, particularly at
larger radial distances from the plasma axis (see later discussion),
resulting in very noisy Thomson scattering signals at the plasma edge.
These noisy signals arise not only because the Thomson scattering signal is
proportional to n,, but also because stray light remains almost unchanged at
the plasma edge, and the Rayleigh-scattering signal becomes even higher.
This latter increase is due to the cooler pas temperature at the plasma

Leinedgrr . As o oresult o b0y e S cnt e 7y e shown dne sl Pl
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1o o mm ALC, there are 5 dotha shown in Pleuwres 4-6 (1.0 By bue
Gatoo dn Fipaces -3 (0075 WY, becsuse the electron nuher dongity
oreases rapidly with RF input power (see later discussion).

It is appropriate to question whether the noisty Thomson signals at the
plasma edge can be improved. The Thomson-scattering signals themselves are
currently photon-noise limited. As a result, they can be improved only be
acquiring larger numbers of photons. Importantly, this increase is not
possible through use of a higher-power source laser, since a higher
irradiance would perturb the plasma. Instead, it would be desirable to
integrate a 'larger number of laser shots, possilby either by increasing the
signal-integration interval or by using a laser with a higher pulse
repetition rate. The latter strategy is, of course, the most attractive.
The background noise at the plasma edge is greater than that in the plasma
center, a fact which further degrades Thomson signals acquired there.
Fortunately, the contribution of this noise to a multichannel Thomson
spectrum arises as a shot-noise-limited background and, like the Thomson
signal itself, can be improved by accumulating more laser shots.

From Figures 1 and 4, the radial distributions of T, are fairly flat
below 10 mm ALC for both RF input power settings,.but become more bell-
shaped at higher observation positions (cf. Figures 1 and 4). In contrast,
Tg (Figures 3 and 6) decreases rapidly with increasing radial distance from
the plasma axis even at low observation heights. Furthermore, Tg is usually
about 1000 K to 2000 K lower than T, at every plasma location. It is also
apparent that the radial profiles of n, are quite symmetric with respect to
the plasma axis at almost all observation positions (cf. Figures 2 and 5).
The value of n drops more rapidly with increasing radial distance from the

Slunm axic when the obgervation beivht becomes larger.  None of the radial




Coneran oy, Wit the Y dnpat power Do raised srom 900 to D0 G v
it le change in T ds toand st observation heights lower than 10 mm ALC,
However, an apparent inerease (about 500 K) in T, occurs at higher
observation positions. By comparison, the effect of RF input power on Tg
can be clearly seen even at 5 mm and 7.5 mm ALC, particularly at the plasma
edge. An obvious increase of n, with RF input power can be seen at all
spatial points, an effect which becomes even more significant higher in the

plasma. A more detailed and quantitative discussion of these observations

is given in the following section.

5. DISCUSSION AND CONCLUSIONS

Electron temperatures T, as a function of observation height on the
plasma axis are shown in Figure 7 for both settings of RF input power (open
triangles: 0.75 kW, filled triangles: 1.0 kW). It can be seen that T
does not change greatly with observation height from 7.5 mm to 15.0 mm ALC,
and that increasing RF input power from 0.75 kW to 1.0 kW raises only
slightly (less than 10%) the T, value on the plasma axis.

Similar plots for gas temperatures Tg are shown in Figure 8 (filled
triangles: 0.75 kW, open triangles: 1.0 kW). Compared to T,, the Tg value
on the plasma axis decreases more quickly with observation height for both
settings of RF input power. Also, the increment in Tg when RF input power
is raised from 0.75 kW to 1.0 kW is more (mere than 20% at observation
heights above 10 mm ALC) than that in Te'

Figure 9 shows the variation in electron number density n, on the
placima axis with obgervation heipht (filled cireles: 0,75 kW, open circles:

e SRR oo il e st iy hedeh e mare quiek by thon




docs T (Fienrve 7 or T (Figure ¥), (Note the lorarithmic vertical axis orn
I - § D

Fionre Q) In addition, n, is much more sensitive to the RE input power
; o

than either T or Tf’ particularly in the upper observation regions. For

example, at 1.0 kW the n, valuc at 15 mm ALC is about twice that at 0.75 kW.

Vertical distributions of n, at 3 mm off the plasma axis are plotted in
Figure 10 for both settings of RF input power (filled circles: 0.75 kW,
open circles: 1.0 kW). Obviously, all n, values at 3 mm off the plasma
axis are lower than their corresponding ones on the plasma axis (Figure 9).
Furthermore, at 3 mm off the plasma axis, ng declines with observation
height more rapidly than occurs on the plasma axis (compare Figures 9 and
10), particularly at lower RF input power.

Now let us compare in more detail the electron temperatures and their
corresponding gas temperatues, and see how different they are from each
other. From Figures 7 and 8, the disparity between '1‘g and T, exists at all
observation heights, and is generally between 1000 K and 2000 K, as
mentioned in section 4. Nste also that a rise in RF input power reduces the
deviation slightly.

A comparison of the vertical distribution of T, and Tg at 1.0 kW of RF
input power and at 3 mm off the plasma axis is shown in Figure 11. It is

not surprising that the off-axis difference between T, and T, is greater

g
than that on-axis (See Figures 7 and 8).
Another way to evaluate how far the plasma deviates from LTE is to

compare the measured n, with values calculated according to the Saha

e
equation. Examples of such comparisons are given in Figures 12 and 13 for
0.75 kW and 1.0 kW of RF input power, respectively. In Figure 12, the

filled circles are n, data measured on the plasma axis directly by Thomson

seattering, whereas the open civeles are values ecaleniated trom the Saha




cowiation, The same 1o true in Fipgure 13 except that the dars wors neanured

3onan oot the plamicy wwis. Frowm bothh fipgnves, 10 cone be oo that Uhe
apparent deviation oi n, from the LTE values (derived from T} exists at all

observation heights. In general, this deviation ranges from a factor of 3

to one order of magnitude, depending on the spatial position and RF input
power. Thus, electrons in the plasma are overpopulated compared to what T,
would predict, resulting in what can be viewed as a recombining plasma.

The values of T,, n, and Tg presented in Figures 1-6 are comparable to
those reported previously by other authors [1,3-5,13-35]). Although the
electron temperatures measured here are about 20% lower than those reported
by Batal et al. [13,14], their observation location was lower (2 mm ALC) and
their RF input power was higher (1.5 kW) than ours. Better agreement
(within 10%) has been found between our T, data and those recently reported
by Davis and Du [16]. All these authors determined T, by measuring the
intensities of the argon emission line and the background at 430 nm. Lu et
al.[17] more recently published T, values measured by Langmuir probes in the
ICP. Their results are found very close to ours with the same RF input
power.

The electron number densities shown in Figures 2 and 5 range from 1 x

1014 to 7 x 1012 em™3

, which are similar or comparable to those previously
reported [5,13-27], except results from Langmuir-probe measurements, which
seem somewhat too high [17]. In general, our n, values are in better
agreement with those derived from absolute continuum intensities [1,19], but
somewhat higher than those measured by Hﬂ line broadening at low observation

positions [25,27]. The discrepancy might be due to the different torches

and ICP operating conditions.




The s tenperatures cited in Figures 3 and 6 are in the range reported

bo o other cuthors [1,18.2¢.31-34] 0 Interestingly, our data for T& are in
good agreement with those measured by Doppler broadening of emission lines
129,33,34), but are much higher than values derived from molecular
rotational spectra (1,18,31,32]. This dissimilarity is not surprising,
since our determination of Tg from Rayleigh scattering is based on the ideal
gas law, which relates the gas pressure with the kinetic temperature and
argon-atom number density in the plasma. Because the gas pressure (and
therefore density) is produced by the translational moment of the plasma
species, the Tg determined by Rayleigh scattering should be closer to the
Doppler temperature than to the rotational temperature under non-LTE
conditions. The lower rotational temperature suggests also that the
transfer of particle kinetic energy to molecular rotational movement is a
slower process in the ICP than is kinetic-energy transfer from electrons to
argon atoms.

As mentioned above, the measured n_, is higher than the LTE value for n

e e

calculated from the measured T,. Viewed differently, if one uses the
measured n, to determine T, according to the Saha equation (42], the T, would
be overestimated. This fact can explain the recent findings of Blades et

al. [42] about the deviations of the ICP from LTE, when they observed ion-
atom emission-intensity ratios for Sr, Ca, Mg, Cd and Zn. They found that

the experimental ratios (I;/I are several times lower than the LTE

a)exp
ratios (Ii/Ia)LTE at 1.0 kW of RF input power. The reason is that they used
their measurec n, to determine T, by assuming LTE conditions and then used
those Te and n, values to calculate (Ii/Ia)LTE' However, as verified here,
the actual T  is lower than the T value determined in their way, and the

ionic lewvels are sctually lese pepulaied. Therefore, the measured fon-atow
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ciaission Intensity ratios should be Tower than the corresponding "LTE"
voelues . The same reasoning leads to their conclusion that the experimontl
degree of ionization for the same c¢lements is lower than that under "LTE"
conditions. Clearly, both T, and n, should be measured independently but
directly in order to better describe the excitation and ionization processes
in the ICP.

The overpopulation of electrons in the analytical zone might be a
significant non-LTE feature for analytes in the ICP, because it not only
favors the excitation and ionization by direct electron impact and charge
transfer, but also gives rise to overpopulated argon excited states and
high-energy electrons through recombination and superelastic collision [43].
There are two possible reasons why electrons in the ICP are overpopulated.
First, the ambipolar-diffusion process [44], which causes electron-ion pairs to
migrate from the fireball to the cooler plasma regions, is faster than the
thermal-conduction process that leads to the transfer of kinetic energy from
the fireball to the cooler plasma regions. As a consequence, the analytical
zone gains electrons faster than it is heated thermally, resulting in an
electron number density that is higher than the LTE value. Secondly, when
the plasma travels upward, the argon ion-electron recombination process is
relatively slow [45], compared to the plasma cooling caused by energy loss
through thermal conduction, convection and radiation. Thus, electrons
remain overpopulated and the plasma remains in a recombining mode.

Finally, the fact that none of the radial profiles of T,, n, and Tg
shown in Figures 1-6 are doughnut-shaped is probably due to the ICP
operating conditions suggested by the manufacturer of the MAK torch (see
Table 1). Because the central argon gas flow was only 0.5 1/min. and no

aervosol was added. all the above wentioned parvineters would quickly peak on

-
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piost oo naxis, An a matter of fact, our observation region was in the
vernal snodviieal sone, whereas the initial radiation zone was found far
iower in the plasma (no sample acrosol was used in this study).

We conclude that, under our experimental conditions, (1) Tg in the ICP
is about 1000 to 2000 K lower than T,, and n, is overpopulated by a factor
of 3_l—Q compared to the LTE value determined by Tes (2) ng is most sensitive
of the three variables to RF input power and to spatial position; (3) fast
ambipolar diffusion and slow argon ion-electron recombination probably lead
to the overpopulation of electrons, resulting in a recombining plasma in the
analytical zone; (4) the ambipolar-diffusion and thermal-conduction
processes are fast enough to cause rapid plasma decay; (5) Ty, n, and '1‘g are
the most important parameters to describe the non-LTE features of the ICP,
and all these parameters can be simultaneously determined by Thomson

scattering and Rayleigh scattering on a spatially and temporally resolved

basis.
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Table 1 - ICP operating conditions

Torch

RF Frequency

RF input power

Outer argon flow
Intermediate argon flow
Central argon flow

Sample flow rate

Commercial MAK

27.12 MHz
0.75 kW
10.0 1/min
0.5 1/min
0.5 1/min

none

torch

1.0 kw

11.0 1/min
0.5 1/min
0.5 1/min

none
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.
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Figure Captions

Radial distributions of electron temperatures measured by
Thomson scattering at five observation heights above the

load coil and at an RF input power of 0.75 kW.

Radial distributions of electron number densities
measured by Thomson scattering at five observation
heights above the load coil and at an RF input power of

0.75 kw.

Radial distributions of gas kinetic temperatures
measured by Rayleigh scattering at five observation
heights above the load coil and at an RF input power of

0.75 kW.

Radial distributions of electron temperatures measured
by Thomson scattering at five observation heights above

the load coil and at an RF input power of 1.0 kW.

Radial distributions of electron number densities
measured by Thomson scattering at five observation
heights above the load ccil and at an RF input power of

1.0 kW.

Radial distributions of gas kinetic temperatures

measured by Rayleigh scattering at five observation




Fivure /.

Fi-ure 8.

Figure 9.

Figure 10.

Figure 11.

Fisure 172.

B ivhics above the load coil and at an PF input power of

Electron temperatures on the plasma axis at five
observation heights above the load couil and at an RF
input power of 0.75 kW (open triangles) and 1.0 kW

(filled triangles).

Gas temperatures on the plasma axis at five observation
heights above the load coil and at an RF input power of

0.75 kW (filled triangles) and 1.0 kW (open triangles).

Electron number densities on the plasma axis at five
observation heights above the load coil and at an RF
input power of 0.75 kW (filled circles) and 1.0 kW

(open circles).

Electron number densities at 3 mm off the plasma axis,
at five observation heights above the load coil and at
an RF input power of 0.75 kW (filled circles) and 1.0 kW

(open circles).

Electron temperatures (open triangles) and gas-kinetic
temperatures (filled triangles) at 3 mm off the plasma
axis at five observation heights above the load coil and

at an RF input power of 1.0 kW.

Electron number densities measured directly by Thomson

scattering (filled circles) on the plasma axis at five




p)

oboervation heipghts above the load coil and at F input
power of D00 kW g the ecadeulatod LT clectyon sl r
densities (open circles), obtained trom the Saha
equation using the corresponding measured clectron

temperatures shown in Figure 7.

Figure 13. Electron number densities measured directly by Thomson
scattering (filled circles) at 3 mm off the plasma axis
at five observation heights above the load coil and at an
RF input power of 1.0 kW, and the calculated LTE
electron number densities (open circles), obtained from
the Saha equation using the corresponding measured

electron temperatures shown in Figure 11.
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